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This work investigates the generation of arbitrary electromagnetic waveforms inside a geometrical
area enclosed by an active metasurface. We introduce the contraption of the Huygens’ box, where
a region of space is enclosed by an active Huygens’ metasurface. We show that, upon generating
the necessary electric and magnetic currents, we can create any desired electromagnetic field inside
the Huygens’ box. Using this method, we demonstrate through simulation and experiment the
generation of travelling plane waves, a standing plane wave and a Bessel wave inside a metallic
cavity. By linear superposition of these unconventional “modes”, we experimentally demonstrate, for
the first time, a subwavelength superoscillation focal spot formed without involving evanescent EM
waves, and without an accompanying region of exorbitantly high waveform energy. The Huygens’
box brings controlled waveform generation to an unprecedented level, with far-reaching implications
to imaging, communication and medical therapy.
In the late 17th century, Huygens proposed a theory
on light propagation that later became a pillar of clas-
sical electromagnetics. His proposal, now known as the
Huygens’ principle, stipulated that light propagates as
a wave: the spatial locations reached by the wave would
emanate secondary spherical wavelets that constructively
interfere in the direction of light propagation [1]. While
imperfect, the Huygens’ principle was a crucial part of
the wave theory of light, which successfully explained
light propagation phenomena like reflection, refraction
and diffraction off surfaces. Later refinements reconciled
the Huygens’ principle with the mathematical formula-
tion of electromagnetic waves. Fresnel showed that upon
adding an obliquity factor, the Huygens’ principle agrees
with Kirchhoff’s formulation of the scalar theory of elec-
tromagnetic waves [2]. Love and Schelkunoff [3, 4] gen-
eralized the Huygens’ principle into the electromagnetic
equivalence principle, which states that the electromag-
netic fields within a region can be generated by any equiv-
alent source in the form of surface currents (typically
both electric and magnetic) at the region boundary. To-
day, the equivalence principle is regarded as a fundamen-
tal pillar of classical electromagnetics.
The recent development of electromagnetic metasur-
faces [5–25] — artificially engineered surfaces possessing
designer electromagnetic effects that are sometimes un-
found in nature — can be understood in the perspec-
tive of the Huygens’ principle. Essentially, when illu-
minated by a known incident electromagnetic radiation,
the subwavelength features on a metasurface produce the
required secondary sources which interfere to generate
the desired scattered field. Various demonstrations have
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showcased the metasurface as a ubiquitous tool which can
perform anomalous reflection, refraction and diffraction
[6–10], lensing [11–13], subwavelength focusing [14–16],
polarization operation [17–19], antenna beam shaping
[20–22], holography and image formation [23–25] among
other applications. These works show that, by invok-
ing the Huygens’ principle through an artificial planar
structure, one can design an electromagnetic wave trans-
formation device that is flexible, low profile, lightweight
and low cost compared to its replacement. By exten-
sion, one envisions that a greater degree of control can
be achieved when a metasurface takes on a curved ge-
ometry in 3D space [26]. More importantly, far greater
flexibility can be endowed when the equivalent sources
are active (impressed) instead of passively induced (sec-
ondary). However, with few exceptions [27, 28], this area
has heretofore remain unexplored.
This paper demonstrates equivalence-inspired total
wavefront control with a metasurface that wraps around
a region of interest. We use an active Huygens’ meta-
surface to excite the requisite electric and magnetic cur-
rents at the boundary of a square region which we call
the Huygens’ box, thus achieving unprecedented control
of the fields inside the box. We show, through numerical
simulation and experimental measurement, the synthesis
of a standing wave, travelling waves, a Bessel wave and a
subwavelength focus inside the Huygens’ box. In partic-
ular, through the superposition of travelling waves, one
can construct an arbitrary waveform within the Huygens’
box. This work demonstrates the direct usage of the elec-
tromagnetic equivalence principle to generate a class of
waveforms, including waveforms whose existence is origi-
nally forbidden in their native environments (in this case
a metallic cavity). The Huygens’ box allows one to gen-
erate and control an arbitrary electromagnetic waveform
to unprecedented levels inside an enclosed area, with far-
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2FIG. 1. (a) Electromagnetic equivalence theory. A set of cur-
rents {Js,Ms} can generate an electromagnetic field {Ea, Ha}
within an enclosed area without affecting {Eb, Hb}, or adjust
the electromagnetic field {Eb, Hb} outside the area without af-
fecting {Ea, Ha}. (b) The twin current filament that serves as
the 2D active Huygens’ metasurface element. (c) A schematic
of the Huygens’ box, showing the 2D environment and the
placement of the twin current filaments.
reaching ramifications in imaging, communication and
medical therapy.
I. RESULTS
A. Electromagnetic Equivalence Principle
The equivalence principle is a fundamental principle
in electromagnetics and states that multiple (equivalent)
sources can produce the same electromagnetic field in
a region of space [29]. One way of generating such an
equivalent source is by exciting electric and magnetic cur-
rents at the boundary of a region of interest that gener-
ate the required electric and magnetic field discontinu-
ities across it. When properly tuned, such an equiva-
lent source boundary electromagnetically separates the
regions inside and outside the boundary: each region is
then able to assume an electromagnetic field distribution
unaffected by the sources and field distribution in the
other region.
We formalize the discussion by referring the reader to
Fig. 1a. Here {Ea,Ha} and {Eb,Hb} represent the
waves inside and outside the boundary respectively, nˆ de-
notes the outward-pointing surface normal, and {Js,Ms}
denote the electric and magnetic surface currents, which
are given by
Js = nˆ× (Hb −Ha) ,
Ms = −nˆ× (Eb −Ea) . (1)
While the concept of electromagnetic equivalence is a
theoretical topic for classical texts in electromagnetics
[29, 30], recent advances in metasurfaces allow one to
physically realize such currents and achieve, to an un-
precedented level, the arbitrary generation and/or con-
trol of an electromagnetic waveform inside an enclosed
environment. Specifically, with a passive Huygens’ meta-
surface [31–34] one can design the excited electric and
magnetic currents along the surface which arise from a
predefined incident wave, and thereby achieve one-sided
electromagnetic behaviour. In this work, we demonstrate
that, by (i) wrapping the metasurface to enclose a region
and (ii) using an active Huygens’ metasurface, we can di-
rectly, actively and arbitrarily tune the electromagnetic
fields interior to the metasurface boundary without af-
fecting the electromagnetic wave exterior to the metasur-
face boundary, and vice versa. This approach can achieve
extreme transformations that are not possible with pas-
sive and/or planar Huygens’ metasurfaces.
B. Huygens’ Box Environment
To simplify the discussion of the conducted simulations
and experiments, we consider a 2D, TMz electromag-
netic environment where all currents and fields remain
invariant in the z-direction and the set of {Hx, Hy, Ez}
is non-zero in general. These conditions are met in a
parallel-plate waveguide environment which we will dis-
cuss later in this paper. In this environment, we define
as our region of interest a square boundary of side length
L enclosing the area |x| ≤ L/2, |y| ≤ L/2. We shall call
this contraption the Huygens’ box: in the following, we
report arbitrary waveform generation inside this region
through the proper excitation of electric and magnetic
currents on its boundary.
C. Active Huygens’ Metasurface
We form a simple active Huygens’ metasurface using
the twin current filament as the Huygens’ source element
[35, 36]. As depicted in Fig. 1b, this element consists of
two line currents along the z-direction, equidistant from
the metasurface boundary, which for illustrative purposes
runs along the y-direction. The line source with current
Ia is located just inside the Huygens’ box, the one with
current Ib is located just outside.
The Supplementary Information provides details on
the operation mechanism of this active metasurface el-
ement. We hereby simply state that the required electric
and magnetic currents, as derived from (1), can be ex-
cited by driving the current filaments with
3Ia =
sJs
2
+ j
sMs
ωµ0w
,
Ib =
sJs
2
− j sMs
ωµ0w
,
(2)
where s represents the separation between adjacent meta-
surface elements, Js = Js · zˆ, Ms = Ms · (nˆ× zˆ) and ·
denotes the inner product. Using (1) and (2), one can
find the necessary surface currents, then the correspond-
ing excitation currents to the active Huygens’ metasur-
face, that will synthesize or control the electromagnetic
waveform in a desired manner.
D. Simulation Results
1. Simulation Setup
Using our findings above, we synthesize electromag-
netic waveforms inside the Huygens’ box using the com-
mercial full-wave electromagnetic simulator ANSYS High
Frequency Structure Simulator (HFSS). Fig. 1c shows
a diagram of the simulation. The simulation is per-
formed at f = 1 GHz, with a corresponding free-space
wavelength of λ = 300 mm. Two metallic conductors,
spaced less than half-wavelength apart (h = 44.5mm =
0.148λ), form a parallel-plate environment which enforces
z-direction electromagnetic field invariance for all prop-
agating modes. The simulation area is 2λ by 2λ in the
xy-plane, and is terminated by a perfectly matched layer
absorbing boundary. A Huygens’ box with size L = λ is
generated in the center of the simulation domain, with
element dimensions s = λ/4, and w = λ/20. In the fol-
lowing, we show simulation results using line sources as
depicted in Fig. 1b, but in practice we find that the cur-
rent filament can be replaced by a dipole or a monopole.
We hypothesize that any small antenna with a match-
ing current direction and a reasonably isotropic radiation
pattern would serve the purpose, since the field emanat-
ing from such an antenna would couple similarly into the
propagating modes of the parallel-plate environment.
2. Synthesizing Travelling Waves
We first demonstrate the generation of travelling plane
waves within the Huygens’ box. The electric and mag-
netic fields for a plane wave propagating at an angle θ
with respect to the x-axis can be written as follows:
E(x, y) = E0e
−j(kxx+kyy) zˆ ,
H(x, y) =
E0
η0
e−j(kxx+kyy) (sin θ xˆ− cos θ yˆ) , (3)
where η =
√
µ0/ε0 is the characteristic impedance of free
space, kx = k0 cos θ, ky = k0 sin θ and k0 = 2pi/λ. In this
paper, we assume an ejωt time dependance. To synthe-
size such a travelling plane wave in the Huygens’ box, we
find {Ea(x, y),Ha(x, y)} by solving (3) at the metasur-
face boundary, set {Eb,Hb} to zero, then use (1) and (2)
to calculate a set of {Ia, Ib}, which form our excitation to
the active Huygens’ metasurface. Thereafter, we observe
the generation of the field profile {Ea(x, y),Ha(x, y)}
upon applying the excitation currents {Ia, Ib} in the sim-
ulation. Fig. 2 shows, at four time instants, the time-
varying electric field in the simulation environment, cor-
responding to the generation of three plane waves, with
propagation angles of θ1 = 0
◦, θ2 = 30◦ and θ3 = 45◦
with respect to the x- (horizontal) axis. From these plots,
it is clear that a travelling wave is produced inside the
parallel-plate environment at the prescribed angles; it is
also clear that the travelling wave is generated only inside
the confines of the Huygens’ box, even without the pres-
ence of a hard boundary (such as a perfect conductor)
at the edge of the box to preclude the penetration of the
electromagnetic wave. As expected, regions of large field
amplitudes exist in the vicinity of the line sources, but
the field level decays quickly away from these elements,
such that at about an eighth of a wavelength away from
the current locations, the travelling plane wave profiles
can be clearly observed. By enabling the generation of
arbitrary plane waves in an enclosed region, any electro-
magnetic wave can be synthesized as a superposition of
plane waves.
3. Mimicking and Cloaking Electromagnetic Fields
The functionality of the Huygens’ box is not limited
to cases where external fields are absent. Fig. 3a shows
a case where a travelling wave at θi = 60
◦ is twisted 90◦
clockwise within the confines of the box. In this case,
the metasurface excitation {Ia, Ib} synthesizes within the
Huygens’ box the superposition of two plane waves: (i)
a travelling wave at θi = 60
◦, with the same amplitude
but opposite phase to that of the incident wave, and (ii)
another travelling wave at θHB = 150
◦. The first wave
cancels the incident electromagnetic field, while the sec-
ond generates the field profile as seen in Fig. 3a. Figs.
3b-d show that, in this situation (Figs. 3b), an object in-
side the Huygens’ box would assume a scattering pattern
that differs from the scattering pattern upon illumina-
tion at θi = 60
◦ (Fig. 3c), and approximates the scat-
tering pattering upon illumination at θi,eff = 150
◦ (Fig.
3d). Small imperfections lead to slight spurious scat-
tering which causes ripples in Fig. 3a as well as slight
deviations between Fig. 3b and Fig. 3d. We expect
these deviations would diminish for a larger Huygens’
box. Since the waveform inside the Huygens’ box can be
synthesized at will, the Huygens’ box facilitates endless
possibilities for mimicking or engineering the scattering
profile of any contained object.
Fig. 3e-h show the special case where the total field
vanishes inside the Huygens’ box. Because of this ab-
4FIG. 2. Full-wave simulation results for generating plane waves inside the Huygens’ box. Generation of three plane waves,
propagating at (a-d) θ1 = 0
◦, (e-h) θ2 = 30◦ and (i-l) θ3 = 45◦ from the x- (horizontal) axis. For each angle of propagation,
the instantaneous electric field Ez(x, y, t) is plotted at four different phase points, each spaced 90
◦ apart.
sence of electromagnetic fields, the objects inside the box
do not scatter, and are effectively cloaked from the exter-
nal illumination. Fig. 3f-h show the absence of scattering
when a metal box (Fig. 3f), a cluster of metallic cylin-
ders (Fig. 3g) and a cluster of ceramic cylinders (Fig.
3h) are respectively placed inside the Huygens’ box. We
emphasize that the same set of currents is used in all
four situations. This shows that while the currents de-
pend on the cloaking boundary and the external field,
they do not change with the size, shape or material of
the cloaked object. The cloaking and mimicking proper-
ties of an active source boundary was proposed in [37–
39], as theoretical works involving scalar (for example,
acoustic) waves. In the electromagnetic domain, simi-
lar functionalities were investigated under the study of
transformation optics [40, 41], and more recently active
electromagnetic cloaking [28, 42]. The Huygens’ box we
hereby propose represents an advancement over previ-
ous explorations, in that (i) we have shown that many
of the tantalizing possibilities achievable with transfor-
mation optics are also achievable with the Huygens’ box
arrangement, with dramatic improvements in simplicity
and compactness compared to the former, and (ii) we
have shown, in full-wave simulation analysis, that arbi-
trary waveform generation, cloaking and scattering engi-
neering is possible with vectorial electromagnetic waves.
E. Experimental Results
1. Experimental Setup
We proceed to experimentally demonstrate the gener-
ation of arbitrary waveforms within a Huygens’ box. For
the experimental demonstration, we adopt a mirrored
current filament as our Huygens’ metasurface element,
which simplifies the twin current filament by dissecting
it with a perfect conductor. Fig. 4a shows this meta-
surface element while its operation principle is detailed
in the Supplementary Information. The presence of the
perfect conductor shorts the electric current, while the
required magnetic current can be generated as
I = j
sMs
ωµ0w
, (4)
and (1) and (4) can now be used to synthesize a desired
waveform inside the Huygens’ box. Our experimental ap-
paratus is shown schematically in Fig. 4b; photographs
of components the apparatus are shown in Figs. 4c-
e. An intricate feeding network is designed to drive 16
monopole antennas within the Huygens’ box with ampli-
tude and phase-synchronized currents. The currents are
fully and independently tunable to achieve active wave-
5FIG. 3. Mimicking and cloaking with the Huygens’ box. (a) Electric field distribution when the Huygens’ box is excited to turn
an incident plane wave at θi = 60
◦ into one propagating at θHS = 150◦ inside the box. (b) Scattering from a metallic plate
placed inside the Huygens’ box of (a). (c) Scattering from the same metallic plate without the Huygens’ box (θi = 60
◦). (d)
Scattering from the same metallic plate when the incident wave impinges at θi = 150
◦. (e) Electric field distribution when the
Huygens’ box is excited to generate a zero-field region upon plane wave incidence at θi = 60
◦. (f-h) The electric field distribution
of the Huygens’ box in (e), when (f) a metallic box, (g) a collection of metallic cylinders and (h) a collection of ceramic cylinders
(Al2O3, εr = 9.8) is placed inside the Huygens’ box. The instantaneous electric field is plotted for subfigures (a,e-h); the electric
field phasor amplitude is plotted for subfigures (b-d). For subfigures (b-d), the region inside, and immediately outside, the
Huygens’ box is shaded in grey to emphasize the scattering pattern, which is best seen at some distance away from the Huygens’
box.
form generation. An RF probe measures the electric field
within the cavity (Fig. 4d) by penetrating through a per-
forated conductor plate (Fig. 4e). The Methods section
contains more details on the experimental apparatus.
2. Plane-Wave Excitation
We first demonstrate the synthesis of a plane wave
within the cavity. Figs. 5a and c show, at one moment
in time, the experimentally measured Ez over the cavity
for two travelling plane waves, with θ1 = 0
◦ and θ2 = 45◦
with respect to the x-axis. Figs. 5b and d show the cor-
responding simulation results. As one can observe, good
agreement is obtained between experiment and simula-
tion, and both demonstrate the generation of a travelling
wave inside our Huygens’ box. The superposition of such
travelling waves leads to the generation of other inter-
esting waveforms. For example, Figs. 5e-f show the ex-
perimental and simulated generation of a standing wave
pattern formed by the equi-amplitude superposition of
two travelling waves in the +x and −x directions. It
is of interest to note that the demonstrated waveforms
feature very strong electric field components tangential
to, and in subwavelength proximity to the metallic cav-
ity walls. Whilst such waves would not exist in a con-
ventional metallic cavity, they can be excited as uncon-
ventional “modes” when the corresponding excitation is
applied to the active metasurface. Further, their com-
bination allows one to form a wide range of waveforms
within the Huygens’ box.
3. Bessel Wave Excitation
We proceed to synthesize a Bessel function focus within
the Huygens’ box. The electromagnetic profile for the
Bessel focal waveform is [29]
E(r) = E0J0(k0r) zˆ ,
H(r) = j
E0
η0
J1(k0r) φˆ ,
(5)
where Jn(·) represents the n’th order Bessel function of
the first kind, r =
√
x2 + y2 and φˆ = − sin θ xˆ+ cos θ yˆ.
One may calculate the necessary Huygens’ box excita-
tion by directly substituting (5) into (1) and (4). Alter-
natively, one may invoke the Fourier Bessel transform to
express the Bessel waveform as an integral over a con-
tinuum of plane waves, which travel in every direction
orthogonal to z and constructively interfere at the ori-
gin:
|E(r)| = E0J0(k0r) = E0
∫ 2pi
0
e−jk0(x cos θ+y sin θ) dθ .
(6)
6FIG. 4. Moving towards an experimental demonstration of
the Huygens’ box. (a) The mirrored current filament that
serves as a simplified 2D active Huygens’ metasurface element.
(b) A signal flow diagram for the Huygens’ Box experiment.
Solid, dashed and dotted lines respectively denote RF signals,
control signals and DC biases. (c) The 16-channel RF tuning
circuit. (d) The 3D scanner and the Huygens’ box. (e) The
Huygens’ box with the top plate removed, showing the box
geometry and the monopole antenna elements.
We adopt the latter method, then find the excitation cur-
rents as a superposition of the excitation currents needed
to generate the constituent plane waves.
Fig. 5g-h demonstrate the measured and simulated
electric field profile of a Bessel waveform. Again, simu-
lation and experiment agree to show the successful gen-
eration of the Bessel waveform inside the Huygens’ box.
The Bessel waveform is typically generated as modes in a
circular waveguide; further, only a discrete set of Bessel
waveforms, whose electric field nulls appear at the waveg-
uide wall, can be generated for a circular waveguide of a
specific size. However, with our method, a Bessel wave-
form with an arbitrary spatial frequency k0 can be syn-
thesized within a rectangular cavity, as long as the corre-
sponding frequency lies within the operation bandwidth
of the Huygens’ box. Once again this examplifies the
versatility of the Huygens’ box as a contraption for the
generation of arbitrary electromagnetic waveforms.
F. Synthesizing a Superoscillation Focus
Finally we demonstrate the generation of a
subwavelength-focused superoscillation electromag-
netic waveform in the Huygens’ box. To our knowledge,
this waveform represents the first experimental demon-
stration of a electromagnetic waveform that (i) focuses
electromagnetic waves beyond the diffraction limit as
discovered by Abbe´ and Rayleigh [44, 45], and (ii)
achieves this without using evanescent waves and with-
out the accompaniment of a high-energy region [46, 47].
Since only propagating waves are used, subwavelength
focusing of this kind avoids the high stored energy
issues associated with evanescent waves. This opens
the possibility of a variety of applications including
hypethermia treatment with localized hot spots in the
absence of high energy sidelobes that marred these
super-oscillatory focal regions in the past. A more
detailed note on superoscillations and sub-diffraction
imaging can be found in the Supplementary Information,
and in Refs. [47–49].
1. Selective Superoscillation Generation
Fig. 6a shows a typical superoscillation waveform,
which contains a region in which it oscillates faster than
the its highest constituent frequency component, sur-
rounded by another region which has much higher am-
plitude [43]. Although the existence of the high-energy
region is shown to be unavoidable in a mathematical anal-
ysis of waves in free-space [46], the presence of a metasur-
face boundary introduces new possibilities for waveform
synthesis. In a previous work [50], we have theoretically
shown that with a closed metasurface boundary one can
exclude the high-energy region and synthesize only the
super-resolution region of a superoscillation waveform.
Fig. 6b shows the electric field profile for a superposition
of plane waves that form a 1D subwavelength focus at a
prescribed focal plane x = 0. The electric field profile
along this image plane is displayed in Fig. 6e and com-
pared to the diffraction limit. As one can observe from
Fig. 6e, this waveform is squeezed beyond the diffraction
limit at the focal plane. This superoscillation waveform
is designed as a combination of plane waves
E(x, y) =
N−1∑
n=0
Ene
−jknxx cos (knyy) zˆ ,
H(x, y) =
N−1∑
n=0
En
η0
e−jknxx
(
−j kny
k0
sin (knyy) xˆ
−knx
k0
cos (knyy) yˆ
)
,
(7)
where
7FIG. 5. Experimental and full-wave simulation results of electromagnetic wave synthesis with the Huygens’ box. The black
rectangles indicate the coverage extent of the measurement probe in the experiment. (a-b) The (a) measured and (b) simulated
synthesis of a plane wave propagating with θ1 = 0
◦. (c-d) The (c) measured and (d) simulated synthesis of a plane wave
propagating with θ1 = 45
◦. (e-f) The (e) measured and (f) simulated synthesis of a standing wave. (g-h) The (g) measured
and (h) simulated synthesis of a zeroth order Bessel function focus. The instantaneous electric field is plotted for subfigures
(a-d); the electric field phasor amplitude is plotted for subfigures (e-h).
knx = −k0 +
(
n+
1
2
)(
2k0
N
)
,
kny =
√
k0
2 − knx2 ,
(8)
and {En} is a set of complex coefficients chosen through
a zero-placement method adapted from antenna array
design.
Figs. 6b shows that to generate this waveform in free-
space, one must tolerate high-energy regions along the x-
axis. Beyond this, it is also typical to find higher energy
regions at some longitudinal distance away from the focal
plane. To avoid these high-energy regions, we strategi-
cally place the Huygens’ box (as outlined in Fig. 6b) to
include the superoscillation region only. Fig. 6c shows
the simulated selective generation of this superoscillation
waveform in a Huygens’ box. As demonstrated here, one
can include only the superoscillation region in the Huy-
gens’ box and thereby exclude the high-energy regions.
Fig. 6d-e show the experimental measurement which con-
firms the simulation result and demonstrates the genera-
tion of a waveform that is focused beyond the diffraction
limit. Again, in departure from earlier works on super-
oscillation, this is achieved without the generation of a
high-energy region. Fig. 6e plots the waveform distri-
bution along the focal plane and shows good agreement
among the theoretical (red, dotted), simulated (green,
dashdot) and measured (blue, solid) electric field pro-
files. All these profiles achieve subwavelength focusing:
the spot widths are clearly reduced from the sinc wave-
form which characterizes the 1D Abbe´ diffraction limit
(black, dashdot).
II. DISCUSSION
In this paper, we examined the synthesis of arbitrary
electromagnetic waveforms inside a region enclosed by an
active Huygens’ metasurface. We introduced an effective
2D environment which we name the Huygens’ box, within
which we have demonstrated, by calculation, simulation
and experimental measurement, the generation of arbi-
trary electromagnetic waveforms through proper excita-
tion of the enclosing active Huygens’ metasurface. We
have shown the ability of this simple contraption to per-
form cloaking and electromagnetic-field mimicking opera-
tions. We have also demonstrated the generation of trav-
elling, standing and Bessel waveforms inside a Huygens’
box enclosed within a metallic cavity, even though these
waveforms cannot exist within a conventional metallic
cavity. Finally, we used the Huygens’ box to generate a
subwavelength focus of propagating waves without excit-
ing the corresponding high-energy region, thus achieving
a wave profile very useful for super-resolution electromag-
netic focusing and imaging. Though the waveforms are
generated in this paper at a design frequency of 1 GHz,
experimental measurements (see Supplementary Infor-
mation) show that the respective waveforms are faithfully
synthesized over bandwidth of 11%, likely limited by the
components used in the experiment. Wideband wave-
form synthesis is very possible given the broadbanded-
8FIG. 6. Superoscillation function generation using the Huy-
gens’ box. (a) An example of a time domain superoscilla-
tion waveform with a bandwidth of 500 MHz (blue, solid).
The boxed section in the top panel is shown in a close-up
in the bottom panel, and found comparable to a sinusoid os-
cillating at 650 MHz (red, dashed) (adopted from [43]). (b)
A superposition of plane waves leading to a superoscillatory
subwavelength focus along the imaging plane (white, solid).
The electric field distribution is plotted in a region surround-
ing the image plane. The proposed Huygens’ box location is
also depicted (black double-box). (c) The simulated electric
field distribution within the Huygens’ box. (d) The measured
electric field distribution within the Huygens’ box. (e) The
electric field distribution at the focal plane. The compared
waveforms are obtained from theory (red, dotted), simulation
(green, dashed) and measurement (blue, solid), and the the-
oretical 1D diffraction-limited sinc (black, dashdot).
ness of the Huygens’ metasurface element [10]. The Sup-
plementary Information also features a discussion on an
extension to a 3D Huygens’ box, as well as simulation re-
sults showcasing wave generation inside larger Huygens’
box with dimensions of several wavelengths. The Huy-
gens’ box hereby presented takes electromagnetic wave-
form control and synthesis to an unprecedented level.
We expect it to find promising applications in controlling
electric and/or magnetic field profiles in various cloaking,
medical imaging and antenna applications which feature
the use of electromagnetic waves, in open, enclosed or
partially enclosed geometries.
METHODS
Here we describe our experimental apparatus, which
is shown schematically in Fig. 4b. The experiment is
facilitated by a two-port Agilent programmable network
analyzer (PNA). For the purpose of this experiment we
use ports 1 and 2 as the transmit and receive ports respec-
tively. A signal at the test frequency is sent from port 1
of the PNA, then evenly split into sixteen portions by a 1-
to-16 power divider. The sixteen channels are fed into an
RF circuit board shown in Fig. 4c. On this circuit board,
computer-controlled bias signals regulate the attenuators
and phase-shifters to attenuate the amplitude and shift
the phase of each RF signal as desired. Hence complete
amplitude and phase tuning is afforded to individually
control all 16 RF channels. After amplitude and phase
adjustment, the 16 RF signals drive 16 monopole anten-
nas located within the Huygens’ box, which is shown in
Figs. 4d-e. As previously explained, monopole antennas
function similarly to current filaments with respect to
their coupling to propagating modes within the parallel-
plate environment. They are chosen in this implemen-
tation of the Huygens’ box because of their easy instal-
lation. Since the mirrored current filament metasurface
element features a metallic backing, this effectively turns
the Huygens’ box into a metallic cavity, with monopole
antenna excitations spaced at subwavelength separations.
The key device dimensions are: L = 300 mm, s = 75 mm,
w = 15 mm and h = 44.5 mm. An aluminum plate with
hexagonal perforations serves as the top cover of the Huy-
gens’ box. The perforations are deeply subwavelength to
forbid the leakage of electromagnetic waves, but allow
the penetration of a coaxial cable probe which measures
the electric field within the Huygens’ box. A mechanical
scanner scans the measurement probe across an xy-plane
located at the vertical center of the Huygens’ box. The
probe electrically connects to port 2 of the PNA, such
that the resultant S21 reading on the PNA correlates lin-
early to a measurement of the z-directed electric field
phasor (Ez) within the Huygens’ box.
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